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ABSTRACT: The structure of a CCHHC zinc-binding domain from neural zinc finger factor-1 (NZF-1) has
been determined in solution though the use of NMR methods. This domain is a member of a family of
domains that have the CyspCys-X-His-X7-His-Xs-Cys consensus sequence. The structure determination
reveals a novel fold based around a zinc(ll) ion coordinated to three Cys residues and the second of the
two conserved His residues. The other His residue is stacked between the metal-coordinated His residue
and a relatively conserved aromatic residue. Analysis of His to Gln sequence variants reveals that both
His residues are required for the formation of a well-defined structure, but neither is required for high-
affinity metal binding at a tetrahedral site. The structure suggests that a two-domain protein fragment and
a double-stranded DNA binding site may interact with a common two-fold axis relating the two domains
and the two half-sites of the DNA-inverted repeat.

Sequence-specific DNA-binding proteins play crucial roles ~ The NZF-1 zinc-binding domains include five (rather than
in controlling spatially and temporally regulated gene expres- the more usual four) absolutely conserved potential metal
sion. Numerous structural classes from such proteins haveligands arranged in the CyspCys-Xs-His-X7-His-Xs-Cys
been characterized, including several that include domainspattern. Because of this set of conserved residues, these
organized around bound zinc ions~3). A class of such ~ domains have been termed CCHHC domai8s9). The
proteins represented by neural zinc finger factor-1 (NZF- nature of the potential metal-binding residues and their
1)! has not been well characterized. The NZF-1 protein and spacing are sufficiently different from those from other
the related protein MyT1 were discovered because of their classes of zinc-binding domains that it suggests that these
ability to bind specific sequences found in the promoters of domains fold into a distinct structure. Previous studies of

certain proteins expressed primarily in the mammalian Peptides with one or two tandem CCHHC domains from
nervous system4( 5). NZF-1 and MyT1 contain multiple NZF-1 have demonstrated that these domains coordinate

sequences corresponding to a novel class of zinc-bindingmetal ions in a tetrahedral fashion through three cysteinates
motifs. Additional members of this protein family have been and olne h|sft|d|neé ba.‘f‘hEd c;)n Ithl(le agso_rrpr:!on Spectr? of the
characterized in mammals and in other organisms, including complexes formed with coba (1N8( 9). This o servation
Drosophila melanogasteAnopheles gambia€aenorhab- led to two questions. Which of the two conserved histidine
ditis elegansandXenopus lagis (6, 7). These proteins have residues coordinates the metal ion, and what is the role of

up to seven putative zinc-binding sequences, usually arran ec}he other conserved histidine residue?
up b gseq > usualy 9% Both NzF-1 and MyT1 were identified because of their
in sets of two or more sequences. Where it has been

investigated, these proteins are expressed primarily in theabmty to bind specific double-stranded DNA sequences,

; Binding studies with mutated versions of natural sites and
nervous system. The consensus derived from these sequenc

. eF‘ﬁethylation interference studies have demonstrated that the
is  CPTPGC(D/T)GXGHXXGX(Y/F)XX HRS(L/A)SCC core binding sequence approximateBAGTTT-3' (5, 7)

where the indicated residues are present in more than 75%,. aach protein. Studies with protein fragments have
of the more than 20 known sequences with completely jomonstrated that a set of two tandem domains is sufficient
conseryed residues underlined and Cys and His residuesg, high-affinity DNA binding and that different sets of
shown in bold. domains bind to similar sequences. Furthermore, experiments
with NZF-1 have demonstrated that the protein binds in the

" This work was supported by a grant from the National Institute of M&jor groove. The approximate 2-fold symmetry of the core
General Medical Sciences. DNA binding site (with AAA half-sites connected by a
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North Andover, MA 01845. ; S : : :
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conserved histidine residues within the sequence binds theand NOESY experiments were carried out wiih—D3
zinc(ll), while the first histidine plays a different role in  values of 512, 128, and 32 complex points, respectively. The
stabilizing the structure, stacking between the metal-binding 2D HSQC experiments were collected with 1024 and 64
core and an aromatic residue that is relatively conservedcomplex points. Several amino acids were not assigned;
within this domain family. The amino and carboxyl termini  notable were the seven proline residues, G24 which follows
extend in similar directions from one end of the structure. P23, R39, and S42. Other assignments not obtained included
portions of the C- and N-terminal regions. NOE distance
MATERIALS AND METHODS restraints were determined from homonuclear 2D NOESY
Materials A DNA fragment encoding residues 48348 (H,O and DBO) and 3D *H—!*N HSQC-NOESY 17)
of rat NZF-1 was subcloned from a plasmid encod- experiments collected with a mixing time of 125 ms!tA—
ing residues 487606 previously described). This frag- 5N HSQC experiment witA3Cd-substituted NZF-1(487
ment, hereafter called NZF-1(48548), has the amino acid  548) was used for the identification of the metal-binding His
sequence MHVKKTYYDPSRTEKRESR,,PTPQC 5 residue. The FELIX 98 software package was used for data
DGTGH3VTGLYPHH3sRSLSGC4sPHKDRVPPEILAM- processing, and locally written programs were used for
HENVLK, in which the five Cys and His residues charac- analysis.
teristic of this class of domain are shown in bold and  Structure CalculationsThe NMR solution structure was
numbered relative to the fragment N-terminus. This frag- calculated using the program CNS using NOEs and proton
ment and a previously described fragment NZF-1(4884) chemical shifts as constraintdg). Only residues 463
(formerly called NZF-1b) with the sequence MHVKKTYY-  (corresponding to residues 48948 in the protein) were
DPSRTEKRESKCPTPGCDGTGHVTGLYPH- included in the structure calculations. NOE distance con-
HRSLSGCPHKDRVPPEILAMHENVLKCPT- straints were grouped into three categories: strong—1.8
PGCTGRGHVNSVRNSHRSLSACPIAAAEKLAKA were 2.7 A), medium (1.83.3 A), and weak (1.84.3 A).
expressed ifEscherichia colistrain BL21(DES) pLysS and  Appropriate pseudoatom corrections were added to the upper
partially purified by stepwise elution with KCI from a SP-  |imits involving methyl, aromatic, or unresolved methylene
Sepharose Fast Flow column (Pharmacia). After reduction groups.
with dithiothresitol, the protein fragments were further purified  strycture calculations were performed using the torsion
on a diphenyl reversed-phase HPLC column and maintainedangle dynamics 19) and simulated annealing protocol
in an anaerobic atmosphere of 3% hydrogen in nitrogen jncorporated into CNS. Initial structures included distance

thereafter to minimize cysteine oxidation. NZF-1(48&48) constraints between the three cysteinate sulfur atoms and the
and NZF-1(487584) were uniformly labeled withtN using  zinc (S-zn distance of 2.30 A). Upon identification of the
*NH,CI as the sole source of nitrogen. NZF-1(48&B4) metal-binding His, a distance constraint was added between
uniformly labeled with'>N and**C was expressed usirg the e-nitrogen of His38 and the zinc @\Zn distance of 2.0

NH,CI and [*C]glucose as the sole sources of nitrogen and ). n the final rounds of refinement, the metal-binding
carbon, respectivelyl(). NMR samples were prepared by  jigands were constrained into a tetrahedral conformation with
adding 1.0 equiv of Zn(Il) ot**Cd(ll) per metal-binding sitt 5_g distances of 3.76- 0.2 A, S-N distances of 3.52

and adjusting the pH to 7.0 using deuterated Tris to a final 9 2 A zn-N_,—C,/C. angles of 126, and Zn-S,—Cj
buffer concentration between 36 and 55 mM. No additional gngles of 109.5 The structure was refined using proton

salts were added. Protein fragment concentrations ranged:hemical shift values but no torsional angles as constraints.

from 1.5 to 2.8 mM. Cobalt(Il) Binding StudiesCobalt(ll) binding was moni-

NMR Sptectroscopy ?nd Rgsonan{:/e ASSi%nN”Iﬁ?(%'\IAR 500 tored in 100 mM HEPES buffer (pH 6.9) containing 50 mM
experments wereé periormed on a varian Y s NaCl. Absorption spectra were measured on a Perkin-Elmer
MHz NMR spectrometer. Homonuclear two-dimensional Lambda 9 spectrophotometer

(2D) experiments were performed at 20, and heteronuclear
2D and three-dimensional (3D) experiments were performed ResyL TS

at 30 °C. The following spectra were recorded to obtain

resonance assignments (with a TOCSY mixing time of 65 The one-dimensional NMR spectra of both the NZF-
ms): 1H—15N HSQC (1), 3D *H—1N HSQC-TOCSY (1), 1(487-584) and NZF-1(48%548) constructs showed chemi-
and 'H—3C HCCH-TOCSY (2 for NZF-1(487-584). cal shift changes upon the addition of zinc (data not shown).

Aromatic side chain assignments were obtained frdid-a We initially pursued the solution structure of protein fragment
13C CT-HSQC experimentl@) with time delays optimized  NZF-1(487-584), a 99-amino acid fragment that includes
for the His ring coupling constantddc = 70 Hz, Jey = two zinc-binding domainsg). The two zinc-binding domains

200 Hz). The protonation states of the His rings were are 68% identical in sequence over the 25-amino acid metal-
determined from &H—'N HSQC experiment optimized for  binding domain core, suggesting that the two domains have
long-range interactions between the imidazole nitrogens andvery similar three-dimensional structures and would have
the carbon-bound imidazole protorigl). Gradient-enhanced  similar stabilities. Multidimensional NMR experiments,
I5N—13C HNCA (15) and**N—13C HNCACB (16) experi- however, revealed that many of the resonances from protons
ments were used for the sequential assignment of amino acidn the second domain were relatively broad and difficult to
residues. The assignment of the NZF-1(4848) peptide assign unambiguously compared to those from the first
was assisted by the assignment of the NZF-1(4834) domain. Furthermore, the resonances from the second domain
peptide, but all chemical shifts were validated ustht- overlapped those from the first domain, complicating spectral
15N HSQC (1) and 3D'H—'N HSQC-TOCSY 1) data analysis. Therefore, we continued our studies with fragment
collected on the NZF-1(487548) peptide. The 3D TOCSY  NZF-1(487548), a 63-amino acid fragment lacking the
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Ficure 1: H—15N HSQC spectrum of NZF-1(487548) at 30°C

with assigned resonances labeled. Residues that were not assigned
include M1, H2, V3, K5, T6, Y7, P10, K15, R16, E17, P21, P23,
G24, P36, R39, S42, P45, P51, P52, H58, E59, V61, and K63.

Absorbance

second domain. NMR studies, in particular thg—N
HSQC experiment, revealed that nearly all of the resonances
corresponding to the first domain, including the linker, have
essentially the same positions as those of the two-domain
fragment NZF-1(48%584). Initial *H, N, and*3C assign-
ments were made usidgN-labeled and®N- and**C-labeled 500
samples of NZF-1(487584). Further experiments were
carried out withtH- and**N-labeled NZF-1(48%548), and

the solution structure of this fragment was determined. Nearly
complete!H and®N backbone resonance assignments were
obtained for residues %57 using standard triple-resonance
assignment strategies. Ring systems for Tyrs9,(His30,
His37, His38, and His46% and '°N) were also fully
assigned. Figure 1 shows the assigriet-°"N HSQC
spectrum.

Analysis of Histidine ResidueSeveral experiments were
performed to characterize the His ring systems:HA-1°C
CT-HSQC spectrum1) allowed the identification of the
carbon-bound hydrogens. On the basis of i@ chemical

PR A
shift values for the NZF-1(487584) peptide, all identifiable

His residues were primarily in the NH tautomeric form

(Cs2 chemical shifts of<121 ppm) with the exception of 80 70 60 50 40 30 20 10

one found in the B-H form (Cs»> chemical shift of 126.8 'H Chemical Shift (ppm)

ppm). Fo_r both NZE-l constructs, the rmg;zH_esonances Ficure 3: (A) Comparison of the absorption spectra in the visible
were assigned for His30, His37, His38, and His46 by means region of the cobalt(ll) complexes of NZF-1(48348) and mutants

of a’H—1N HSQC-NOESY 17) experiment. Ring system  with one or both of the conserved His residues converted to Gin.

assignments for these residues were completed using a 2D he spectra of all of the mutants differ somewhat from that of the
1415 S e wild type, but all are consistent with Cytdis-Co chromophores.

H .N HSQC .(14) §pectrum optlmlzed. for spmspln . (B) Comparison of théH NMR spectra in RO of the zinc(ll)
coupling of the ring nitrogens. On the basis of this analysis, complexes of NZF-1(487548) and the His to GIn mutants. Only

we determined that His38 is in thesINH tautomeric form.  the wild-type fragment shows evidence of a well-defined structure
Furthermore, a proton resonance observed at 11.55 ppm isas revealed particularly by the dispersion in the aromatic region
part of this spin system and was identified as being due to (6-8 ppm). Experiments were performed at Z0.

His38 H;.. The protonation state of this His residue is 1(487-548). Substitution of cadmium for zinc has been
consistent with its role in binding the metal ion through its shown to preserve the structure and DNA binding activities
N. atom. for some zinc-binding domaind**Cd is NMR active, and

To obtain further evidence which shows His is directly heteronuclear spispin coupling may be observed for atoms

bound to the metal ion, we replaced zinc WitfCd in NZF- directly bound to the metal. We collected a long-range 2D
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Ficure 4: (A) Stereoview of the aligned backbones of 20 structures, including residues/ffom NZF-1(487548). The side chains of

the Cys residues (red) and the conserved His residues (blue) are also shown. (B) Twenty aligned structures showing all hon-hydrogen
atoms. (C) Schematic view in the same orientation with the Cys residues, conserved His residues, and Tyr35 labeled. Note that the side
chain of His30 lies between metal-bound His38 and Tyr35.

IH-15N HSQC spectrum for thé®Cd-substituted protein  polypeptide that allows other His residues to move in to
with the goal of observing splitting of the signals due to the coordinate metal in the absence of the normal metal-binding
cadmium-bound nitrogen ator@@. However, the nitrogen  ligand. This flexibility is further underscored by characteriza-
signals in this spectrum were too broad to observe cleartion of a double mutant in which both His30 and His38 are
splittings. We also collected 8H—°N HSQC spectrum  mutated to glutamine. Mutation of both conserved His
optimized for short-range correlation between amide nitro- residues in a peptide corresponding to a different domain
gens and hydrogens. The HSQC spectra for the Cd(Il)-boundfrom NZF-1 resulted in dramatic changes in the cobalt
and Zn(ll)-bound forms were quite similar overall. Small binding properties9). In contrast to this result, the absorption
chemical shift changes were observed for some resonancesspectrum of the cobalt(Il) complex of doubly mutated NZF-
presumably due to small structural changes associated withl(487-548), H30Q/H38Q, was very similar to those of the
the differences in ion radius between Cd(ll) (0.97 A) and other mutants. This suggests that yet another His residue can
Zn(ll) (0.74 A). Significantly, the resonances for all three bind the cobalt(Il) ion when the two conserved His residues
cadmium-bound cysteines and for His38 were shifted, while are absent; His37 is a likely candidate. The folded states of
those for His30 were unaltered (Figure 2). This result the zinc(ll) complexes of the mutated fragments were
provides further evidence that His38 is directly metal-bound examined by one-dimension&l NMR (Figure 3B). The
whereas His30 lies further from the metal center. spectra all showed substantial differences from that of the
We attempted to confirm this result by mutational analysis. wild type and displayed spectral features indicating that the
His30 and His38 were individually substituted with glutamine, mutated fragments were folded substantially less well than
and the metal binding properties of the mutated proteins werethe wild-type fragment. Thus, both conserved His residues
examined by titration with cobalt(Il). Consistent with results appear to be essential for a stably folded structure.
from studies with synthetic peptides corresponding to a  Structure DeterminationA total of 372 NOE distance
different domain of NZF-19), the absorption spectra of the restraints were used in the NZF-1(48348) structure
cobalt(l) complexes of both of these mutated fragments were calculations. The majority of these NOEs are found within
only slightly different from those of the wild-type fragment the zinc-binding core and 12 residues extending past the final
(Figure 3A). This suggests a level of flexibility within the metal-binding Cys residue. The N-termini (residuesl®)
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Table 1: Structural Statistics for NZF-1(48%48)
rmsd from average structure (A)

backbone 1.04+0.19
all heavy atom’ 1.94+0.25
rmsd from experimental distance restraints (A) 0.646.003
rmsd from proton chemical shifts
all 0.43+0.01
Ha 0.36+ 0.02
Hp 0.36+ 0.02
HN 0.61+0.03
deviations from the idealized covalent geometry
bonds (A) 0.0042+ 0.0002
angles (deg) 0.5% 0.03
impropers (deg) 0.42 0.03
PROCHECK
no. of distance restraints
all 372
intraresidue 153
sequential 77
medium-range (K |i —j| < 4) 56
long-range|i — j| > 4) 86
percentage of residues wighandy
in most favored regions 34.2
in additionally allowed regions 38.9
in generously allowed regions 14.6
in disallowed regions 12.3

a Statistics are presented for 20 structures for residuesI7

and C-termini (residues 583) are poorly determined and Examination of the sequences of members of this domain
are not included in the structures presented. A total of 20 family reveals that the residue in position 35 is Tyr or Phe
final structures were generated from random initial coordi- in more than 75% of the sequences. In almost all of the
nates by simulated annealing. The average rmsd valueremaining sequences, the residue in this position is Arg.
relative to the mean coordinates for residues-37 is 1.04 Indeed, the second domain in NZF-1(48384) has Arg in
A for the backbone atoms and 1.94 A for all heavy atoms. this position. The lack of an aromatic residue in this position
These values drop to 0.55 and 1.28 A, respectively, when suggests a possible explanation for why the second domain
only residues 2844 are considered. The superposition of in NZF-1(487-584) is less dynamically stable than the first.
residues 1757 f_or the 20 structures is d_epi_cted_in Figure  The metal-binding domain has the form Cys-&ys-X.»-
4. The loop regions between the zinc-binding ligands are yis_x.Ccys. This is similar in spacing to the TFIlIA-like
better defined with backbone rmsd values of 0.44 A for zinc-binding domain (Cys-X.4-Cys-Xi»-His-Xs_s-His) (1,
residues 2625, 0.27 A for residues 2538, and 0.50 Afor 53 24 vet the structures of each of the three metal-chelating
residues 3844 even though assignments for P23, G24, R39, |0ps are quite different in these two domain families. The
and S42 were not obtained. The family of structures was fj gt loop has the form Cys-XCys. In the NZF-1 family,
analyzed using the program PROCHECK-NMRI) A the sequence of this loop is highly conserved with the
summary of statistics associated with the structure calcula- .onsensus sequence Cys-Pro-Thr-Pro-Gly-Cys. The two
tions is provided in Table 1. The coordinates for NZF- c4nserved Pro residues enforce a relatively extended con-
1(487-548) have been deposited in the Protein Data Bank ¢,rmation for this loop. This precludes the formation of the
and the Biomagnetic Resonance Bank. more compact TFIIIA-like Cys-¥%Cys loop. The second
loop has the form Cys-x%-His and has a relatively extended
DISCUSSION structure. This loop is collapsed with few side chains on the
The structure of the NZF-1 metal-binding domain is interior of the loop. Tyr35 and His38 are stacked together
distinct from those of all previously characterized metal- ON the outside of this loop. This stands in contrast to the
binding domains and, indeed, all other structures based on &-¥S-XizHis loop from TFllIA-like domains that have similar
search of the DALI databas@2). The determined structure ~ OVerall dimensions but have an interior hydrophobic core,
reveals the roles of the two conserved His residues (Figureincluding the conserved Phe and Leu residues, characteristic
4C). The second of the two His residues (His38) is bound ©f these domains. The final loop in the NZF-1 structure
to the metal ion through ite-nitrogen. Thee-nitrogen more differs from that in TFIIIA-I|ke domains in t'hat it is Ie;s
commonly coordinates zinc ions in other zinc-binding regular than the helical structure found in TFlllIA-like
domains that feature histidine coordination. This His side domains and it terminates with a Cys residue rather than a
chain is buried within the core of the structure, contacting HIS:
backbone atoms of residues Gly27, Ser40, Cys44, and Pro45 This final loop is followed by a region of approximately
as well as the side chain of His30. The buried nature of this 12 residues that is reasonably well ordered in solution. This
residue presumably is responsible for the clearly observableregion extends away from the structure for approximately
resonances for the proton bound to thaitrogen of this four residues, turns, and then forms a short stretch of helix-
residue. His30 lies adjacent to the side chain of His38. In like structure. This region appears to be stabilized by at least
addition, His30 stacks against the side chain of Tyr35. two interactions. First, the NH group of His46 forms a
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hydrogen bonding interaction with the cysteinate sulfur atom studies that will reveal the DNA binding mode of these
of Cys44. Second, the side chain of lle54 participates in a domains.

hydrophobic core that includes Leu4l and the methylene

group of Cys44. REFERENCES

Ideally, determination of this structure would suggest how
these domains interact with DNA. Unfortunately, the ob-
served structure lacks regular secondary structural elements
such asu-helices that are frequently involved in sequence-
specific interactions with DNA. However, three properties
of the members of the NZF-1 family suggest constraints for
a complex with DNA. First, as noted above, NZF-1 binds
in the major groove based on methylation interference studies
(5). Second, the binding sites for members of the NZF-1
family tend to have approximate 2-fold symmet).(This
suggests that the protein unit that binds to this site would
also have approximate 2-fold symmetry. Previous studies
have revealed that two NZF-1 domains are required for high-
affinity DNA binding (5). Models in which two domains,
related by an approximate 2-fold symmetry axis, bind

together to a single site are consistent with these observations. 11.

Third, the amino and carboxyl termini of the domain enter

and exit the structure from the same direction, suggesting ;5

that the domain that precedes the metal-binding unit and the
linker region that connects the two metal-binding units lie
on one face of the structure. Given the variability of these
non-metal-binding domain regions, this face must lie away
from the DNA to avoid unfavorable steric interactions.
Computer-based models consistent with all of these con-
straints have been constructed on the basis of the structure
of the domain that we have determined, revealing that these
constraints can be satisfied simultaneously. However, further
information is required to define the structure of the complex
more fully.

CONCLUSION

The determination of the structure of this fragment of
NZF-1 reveals a novel fold for its zinc-binding domain. This
structure provides at least a partial explanation for the
conservation of two His residues within this sequence family.
Analysis of this structure and other observations suggests
that each of these domains interacts with a half-site within
a pseudosymmetric DNA binding site. The structure of the
domain provides a framework for the selection of site-
directed mutants in identifying residues that play specific
roles in DNA binding and for the design of future structure
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